To meet the nutrition requirements of lactation, dairy cows are usually fed a high concentrate diet (HC). However, high-grain feeding causes subacute ruminal acidosis (SARA), a metabolic disorder that causes milk protein depression. This study aimed to investigate the effect of lipopolysaccharide (LPS) released in the rumen on inflammatory gene expression and casein synthesis in mammary glands of lactating dairy cows fed a HC diet. We found that milk protein was significantly decreased in the HC group after 15 weeks of feeding. Overall, LPS concentrations in the rumen fluid, lacteal artery and vein were increased in the HC group. Transcriptome microarray was used to evaluate alterations in the signaling pathway in mammary glands. Signaling pathways involved in inflammatory responses were activated, whereas those involved in protein synthesis were inhibited in the HC group. mRNA expression involved in inflammatory responses, including that of TLR4, NF-кB and pro-inflammatory genes, was increased in the HC group, while αs1-casein (CSN1S1), β-casein (CSN2), mTOR and S6K gene expression were decreased. Moreover, protein expression was consistent with the corresponding gene expression. After feeding with an HC diet, LPS derived from the rumen increased inflammatory gene expression and inhibited casein synthesis in the mammary glands of lactating dairy cows fed a HC diet.
INTRODUCTION
Dairy cows are often fed a high concentrate diet (HC) to meet the nutritional demands of lactation. However, the long-term overfeeding of cattle with a diet rich in concentrate results in a metabolic disorder termed subacute ruminal acidosis (SARA), in which the rumen pH falls below 5.6 for more than 3 hours per day [1] . One consequence of SARA is the depression of milk quality and quantity [2, 3] , and previous studies indicated that SARA reduced milk protein production [4, 5] . The rumen contains gram-negative bacteria, of which lipopolysaccharide (LPS) is an important cell wall component. Feeding cattle with HC decreases the rumen pH level, causing gram-negative bacteria to be lysed in the rumen and releasing free endogenous LPS [6] . LPS can then be translocated into the bloodstream from the digestive tract [7] and enter the mammary gland, initiating inflammatory responses that result in reduced productivity of the animal [8, 9] .
LPS is a strong activator of innate immune responses and is recognized by TLR4, which then activates the immune response [10] . The TLR4 recognition of LPS is facilitated by the accessory molecule LPS-binding protein (LBP) and cluster of differentiation antigen 14 (CD14) [11, 12] . NF-кB is the key transcription factor that regulates the expression of cytokine genes. Normally, NF-кB is located in the cytoplasm in the inactive form combined with inhibitory кB. It is activated by phosphorylation and released from the NF-кB-IкB compound; it then enters the nucleus. In nucleus, NF-кB connects with the promoter and regulates the transcription of TNF-α and IL-1β, IL-6, and IL-8 [13] .
Protein is the most important nutrient in milk, and the level of milk protein is a crucial parameter of milk quality. Casein accounts for 80% of milk protein in dairy cows and is composed of four major groups: αS1-casein, αS2-casein, β-casein, and κ-casein [14] , of which αS1-casein is the most abundantly expressed milk protein in dairy cows. The main regulator of milk protein expression in the bovine mammary gland is the Janus kinase (JAK) signal transducer and activator of transcription (STAT) signaling pathway and mTOR signaling pathway [15, 16] . A recent study in ruminants highlighted a role for mTOR in the regulation of milk protein synthesis [17] [18] [19] . It was reported that experimentally induced mastitis in dairy cows that were challenged with an intra-mammary infusion containing E. coli had reduced casein synthesis and αS1-casein mRNA expression [20] .Some studies have indicated that CpG (cytosine-phosphate-guanine) dinucleotide methylation on the promoter of the αS1-casein gene and chromatin remodeling depressed αS1-casein synthesis, which revealed that the reason for the prohibited synthesis of αS1-casein was translational but not transcriptional regulation [21] .Another study demonstrated that exogenous LPS injection into the mammary glands of dairy cows induced immune responses and reduced casein synthesis [22, 23] . Global transcriptome microarray assay showed that LPS priming enhanced the expression of immune effect or molecules in mammary epithelia cells from cows [24, 25] . To date, most studies have focused on the association of immune responses and casein synthesis in mammary glands of dairy cows stimulated by exogenous LPS stimulation. However, little is known about the relationship between inflammatory responses and casein synthesis in the mammary glands of dairy cows challenged by endogenous LPS from the rumen. Therefore, the present study was conducted to investigate the effects of endogenous LPS released in the rumen on inflammatory responses and casein synthesis in the mammary glands of lactating dairy cows fed HC.
RESULTS

Milk protein and SCC
The percentage of milk protein was higher in the HC group compared with the LC group between weeks 1 to 15. However, from week 15, the percentage of milk protein significantly decreased in the HC group compared with the LC group (Figure 1) . Milk SCC was similar between the HC and LC groups before week 8. From week 9 to 18, SCC remained steady in the LC group, but was significantly increased in the HC group (P < 0.01, Figure  2 ).
Rumen pH, LPS content and primary proinflammatory cytokines
The mean rumen pH was lower when cows were fed HC compared with LC (P < 0.05, Table 3 ). The mean pH value in the HC group was lower than 5.6 for more Table 1 : Ingredients, nutrient composition and forage to concentrate ratio (F:C) of experimental diets than 3 hours per day, which indicated that SARA was experimentally induced by HC.
LPS content in the rumen fluid of the HC group was significantly increased compared with the LC group 4 h after feeding (P < 0.01). The LPS concentration in plasma from the lacteal artery was 0.47 EU/mL in the LC group and was significantly higher in the HC group, 0.86 EU/mL (P < 0.01). LPS content in plasma from the lacteal vein of the HC group was significantly elevated (from 0.12 EU/ mL to 0.27 EU/mL) compared with the LC group (P < 0.01, Table 3 ). Thus, higher LPS levels were translocated into mammary glands from the bloodstream in the HC group.
The plasma concentrations of primary proinflammatory cytokines IL-1β (P < 0.01), IL-6 (P < 0.05) and TNFα (P < 0.01) in the lacteal vein were significantly increased in the HC group compared to the control group (Table3). MAPK, Toll-like receptor (TLR) and NF-κB signaling pathways were associated with inflammatory responses. B. Forty-five signaling pathways were inhibited >2-fold in the HC group compared with the LC group, of which protein processing in endoplasmic reticulum and PI3K-AKT1-mTOR signaling pathways were involved in protein synthesis. www.impactjournals.com/oncotarget
Alteration of signaling pathways
Analysis of signaling pathways was performed according to gene expression profiling by the transcriptome microarray of mammary gland tissues. The results showed that 37 signaling pathways were activated above two-fold in the HC group compared with the LC group ( Figure 3A ). Activated major signaling pathways associated with inflammatory responses were the MAPK, TLR and NF-κB signaling pathways. Of these, the MAPK signaling pathway was activated 6-fold, the TLR pathway 5-fold, and the NF-κB pathway >3-fold. In Figure 4 : mRNA expression of genes involved in inflammatory responses and casein synthesis in mammary glands of dairy cows fed low concentrate (LC) or high concentrate (HC) diets. A. mRNA expression of genes responsible for inflammatory responses (TLR4, LBP, IL-1β, IL-6, IL-8, NF-κB and TNF-α) was determined. All genes were up-regulated significantly in dairy cows fed a high concentrate (HC) diet. Significant differences are indicated (*P < 0.1, **P < 0.05, ***P < 0.01, paired t-test). B. Gene expression of casein and mTOR signaling pathway-related genes (CSN1S1, CSN2, mTOR and S6K) were down-regulated in dairy cows fed a high concentrate (HC) diet, but the expression of 4EBP1 was elevated. The expression of JAK2 and STAT5 was not significantly different between the HC and low concentrate (LC) groups. Significant differences are indicated (**P < 0.05, ***P < 0.01, paired t-test).
addition, the results showed that 45 signaling pathways were inhibited >2-fold in the HC group compared with the LC group ( Figure 3B ), of which protein processing in the endoplasmic reticulum and the PI3K-AKT1-mTOR signaling pathway were involved in protein synthesis. Protein processing in the endoplasmic reticulum was reduced 10-fold, while the PI3K-AKT1-mTOR signaling pathway was inhibited 3-fold.
mRNA expression of inflammatory response genes
qRT-PCR analysis was performed to determine the relationship between alterations in signaling pathways associated with inflammatory responses in the mammary gland and the transcriptional levels of seven genes involved in inflammatory responses in the HC and LC groups. mRNA expression of LBP and TLR4 was significantly up-regulated in the HC group compared with the LC group (P < 0.01 and P < 0.05, respectively). The transcription factor NF-κB, which is implicated in the regulation of the inflammatory response, showed a>2-fold difference in mRNA expression between the HC group and LC group. The expression of cytokine mRNA for IL-1β, IL-8, and TNF-α was significantly increased in the HC group compared with the LC group (P < 0.05), whereas no significant difference was observed for mRNA expression of IL-6 due to the high variability between individual values ( Figure 4A ). These results were consistent with the changes in signaling pathway analysis. in mammary glands of dairy cows fed HC and LC diets was determined by western blotting. The protein was quantified by band density, and β-actin was used as an internal reference. Bands 1-4 represent LC group samples and bands 5-8 represent HC group samples (*P < 0.10 and **P < 0.05). B. Protein expression of CSN1S1, CSN2, mTOR, pmTOR, p70S6K and pp70S6K in mammary glands of dairy cows fed HC and LC diets was determined by western blotting. The protein was quantified by band density, and GAPDH was used as an internal reference. Bands 1-4 represent LC group samples and bands 5-8 represent HC group samples (*P < 0.10 and **P < 0.05). www.impactjournals.com/oncotarget mRNA expression of genes associated with casein
The expression of genes involved in protein synthesis was altered by HC feeding. The mRNA expression of both CSN1S1 and CSN2 was significantly down-regulated in the HC group compared with the LC group (P < 0.01). The expression of mTOR and S6K mRNA levels involved in the mTOR signaling pathway were remarkably decreased, whereas 4EBP1 mRNA expression was markedly elevated (P < 0.05) in the HC group compared with the LC group. The expression of the JAK2 and STAT5 genes was not significantly different between the HC and LC groups ( Figure 4B ).
Protein expression of TLR4 and mTOR signaling pathway
Western blotting of the TLR4 (P < 0.01), NF-κBp65 (P < 0.05), NF-κBpp65 (P < 0.1), IL-1β (P < 0.01), IL-6 (P < 0.05) and TNFα (P < 0.01) proteins in mammary glands demonstrated that the NF-κB signaling pathway was activated in the HC group (Figure 5A ), while the expression of the CSN1S1 (P < 0.1), CSN2 (P < 0.1), mTOR (P < 0.01), pmTOR (P < 0.01) and pp70S6K (P < 0.01) proteins in mammary glands were decreased in the HC group compared with the LC group ( Figure  5B ). Changes in protein levels were consistent with the corresponding gene expression.
DISCUSSION
The results of the present study demonstrated that endogenous LPS released in the rumen can increase inflammatory gene expression and inhibit casein synthesis in mammary glands of lactating dairy cows fed HC. These findings provide insight into the role of endogenous LPS on the performance of dairy cows offered HC and the relationship between lactation and immune defense.
Dairy cows are often fed a relatively high proportion of grains or easily fermentable carbohydrates in the diet to promote high milk yields, which cause the accumulation of volatile fatty acid (VFA) and lactic acid in the rumen, and lead to SARA due to rapidly decreased rumen pH [26, 27] . In the present study, dairy cows fed HC for 18 weeks exhibited a significantly lower rumen pH, which met the criterion for SARA diagnosis, indicating that SARA was experimentally induced by HC.
It is thought that SARA causes milk protein depression. Inconsistent responses to milk protein in experimentally induced SARA are related to the duration of SARA, with short periods being more likely to have no effect on milk protein content. Our long-term study demonstrated that the percentage of milk protein decreased significantly at 15 weeks after the initiation of HC, whereas the percentage of milk protein remained steady in the LC group. Milk SCC is a very important indicator of mammary gland status and milk quality [28] . The present study demonstrated that milk SCC in the HC group was much higher in the late stage of the experiment compared Table 3 : Rumen pH, LPS and primary pro-inflammatory cytokine content in the rumen and plasma in dairy cows fed low concentrate (LC) or high concentrate (HC) diets www.impactjournals.com/oncotarget with the LC group and that milk protein in the HC group was reduced.
During experimentally induced SARA, rumen pH values decrease rapidly, causing a large number of Gramnegative bacteria in the rumen to lyse, subsequently releasing free endogenous LPS into the rumen. The current study showed that LPS content in the rumen and plasma from the lacteal artery and vein of dairy cows was significantly increased in the HC group. Therefore, higher levels of LPS were translocated into the mammary gland in the HC group.
LPS-induced TLR4 activation is mainly mediated by the adaptor molecule myeloid differentiation primaryresponse gene 88 (MyD88) [29] . Then, the transduced signal activates downstream signaling molecules, including NF-κB, mitogen-activated protein kinases (MAPKs), and TRIF-IFN-regulatory factor (IRF3) [30, 31] . In addition, the JAK2-STAT5 pathway is activated by LPS/TLR4, although the adaptor molecule for JAK2
has not yet been identified [32] . The activation of these signaling cascades leads to the abundant secretion of the proinflammatory cytokines TNF-α, IL-1β and IL-6 [33, 34] .. The expression of proinflammatory mediators is primarily modulated by the NF-κB and MAPK pathways. Most inflammatory genes contain NF-κB binding sites within their promoters and therefore depend partly on NF-κB for their expression [35, 36] .
The signaling pathway analysis in our study was based on a transcriptome microarray and showed that the TLR, NF-κB, MAPK and JAK-STAT signaling pathways were activated, while protein processing in the endoplasmic reticulum and the phosphatidylinositol 3-kinase (PI3K)-AKT1-mTOR signaling pathway, which is closely related with casein synthesis, were depressed in the HC group. Although the JAK-STAT signaling pathway might be an essential component for the proper expression of milk protein genes in non-ruminants [37] , its role in regulating milk protein expression seems to be weak in bovine populations [38] . Our results revealed that the translocation of endogenous LPS into the mammary gland enhanced the expression of inflammatory genes, whereas the expression of genes associated with casein synthesis was inhibited.
A recent study in ruminants emphasized the action of the mTOR signaling pathway in regulating milk protein synthesis. The Akt/mTOR signaling pathways play important roles on phosphorylation of protein translational regulators S6K and 4EBP1 [39, 40] . It is reported that eukaryotic translation initiation factor (eIF-4F) performs an important function in stimulating protein translation, and the role of eIF-4E can be inhibited by the phosphorylation of 4EBP1; thus, the translation of proteins is prohibited [41] . Previously, mTOR was shown to be inhibited in mice or humans after LPS stimulation [42] . The inhibitory effects of endogenous LPS on milk synthesis in dairy cows were assessed in the current study. The mRNA expression of genes responsible for the inflammatory response (TLR4, LBP, IL-1β, IL-6, IL-8, NF-κB and TNF-α) was significantly increased, consistent with the results of exogenous LPS-induced mastitis by infusion [43] . The protein expression of TLR4, NF-κBp65, NF-κBpp65, IL-1β, IL-6 and TNFα was increased in the HC group. This showed that the TLR4 signaling pathway in the HC group was activated. Gene expression of casein and signaling pathway-related genes (CSN1S1, CSN2, mTOR, and S6K) were decreased, except for 4EBP1 in the HC group. Increased 4EBP1 gene expression agreed with the negative role of 4EBP1 in protein translation [47] . Treatment with HC had no obvious effect on JAK2 and STAT5 gene expression. In the current study, the protein expression of CSN1S1, CSN2, mTOR, pmTOR and pp70S6K was decreased, consistent with the mRNA expression of their corresponding genes. This indicated that endogenous LPS from long-term HC feeding inhibited the synthesis of CSN1S1 and CSN2 in mammary glands. However, the correlation between the inflammatory response and casein synthesis requires further study.
In conclusion, long-term feeding of HC to lactating cows causes milk protein depression. The inflammatory response in mammary glands induced by LPS derived from the rumen is associated with reduced casein synthesis. Future research is required to elucidate the molecular mechanisms involved. Maintaining a healthy rumen in dairy cows to decrease the release of LPS in the rumen is a strategy to improve the percentage of milk protein.
MATERIALS AND METHODS
Ethics statement
The experimental protocol was approved by the Animal Care Committee of Nanjing Agricultural University in accordance with the Guidelines for Experimental Animals of the Ministry of Science and Technology (2006, Beijing, China).
Animals, diet, and experimental design
Twelve lactating Holstein cows (455 ± 28 kg live weight) fitted with a rumen fistula were randomly divided into two groups. One group was fed HC comprised of 40% forage and 60% concentrate as a treatment, and the other group received a low concentrate diet (LC) comprised of 60% forage and 40% concentrate as a control over a 20-week experimental period. The ingredients and nutritional composition of the diets are presented (Table 1) . Cows were fed at 04:00, 12:00, and 20:00 and had free access to fresh water throughout the experiment. www.impactjournals.com/oncotarget
Sample collection and analysis
Cows were milked at 05:00, 13:00, and 21:00 m and milk yield was documented daily. A 50-mL milk sample was taken to determine milk protein (MilkoScan™ FT1, FOSS, Denmark) and somatic cell count (SCC) (Fossomatic 5000, FOSS).
Samples of rumen fluid were taken from each cow at 1-h intervals starting at 04:00 on the sampling day of the 18th week. Collected samples were filtered through 2 layers of gauze and stored at −20°C for LPS analysis.
Blood samples were collected 4 h after feeding on the sampling day of the 18th week. The samples were obtained via the lacteal artery and vein in 5-mL vacuum tubes containing sodium heparin. Plasma was isolated from blood samples by centrifugation at 1,469 × g at 4°C for 15 min and was stored at −20°C for LPS analysis.
Tissue samples of mammary glands were taken by biopsy on the sampling day from the same quarter of the mammary gland, snap-frozen in liquid nitrogen and then stored at −80°C for further analysis.
Measurement of rumen pH, LPS and primary pro-inflammatory cytokines
Rumen pH was measured immediately with a pH meter. The concentration of LPS in rumen fluid (CE64406) and plasma (CE80545) was determined by a chromogenic endpoint assay (Chinese Horseshoe Crab Reagent Manufactory Co., Ltd., Xiamen, China) with a minimum detection limit of 0.01 EU/mL. The procedures were performed according to the manufacturer's instructions. The concentrations of the primary pro-inflammatory cytokines IL-1β, IL-6 and TNF-α in the plasma were measured by radioimmunoassay with commercially available human radioimmunoassay kits purchased from the Beijing North Institute of Biological Technology. The detection range of radioimmunoassay kits for IL-1β (cat. C09DJB), IL-6 (cat. C12DJB) and TNF-α (cat. C06PJB).
Quantitative real-time PCR
Total RNA was extracted from tissue samples of mammary glands using TRIzol reagent (Takara, Dalian, China) according to the manufacturer's protocols. RNA concentration was quantified by measuring the absorbance at 260 nm in a spectrophotometer (Eppendorf Biotechnology, Hamburg, Germany). Then, cDNA was synthesized by reverse transcription using the Oligo (dT) 15-Primer and M-MLV reverse transcriptase (Cat. RR036A, Takara). Primers for target genes were designed using Primer Premier Software 5.0 (Premier Biosoft International, USA) and are presented ( Table  2) . Quantitative real-time PCR was performed on an ABI 7300 system (Applied Biosystems, Foster City, CA, USA) using a SYBR Premix EX Taqkit (Cat. DRR420A, Takara). PCR amplification was performed using the following protocol: 30 s at 95°C, 5 s at 95°C, and 31 s at annealing temperature 60°C for 40 cycles. The 2 -ΔΔCt method was used to analyze qPCR data. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal reference.
Signaling pathway analysis
Transcriptome microarray was performed for gene expression profiling of mammary gland tissues. Respective reagent kits from Affymetrix were used for RNA processing, labeling and hybridization. A total of 5μg RNA of each sample was used for cRNA preparation and labeled with the Affymetrix GeneChip Expression 3′ Amplification One-Cycle Target Labeling Kit (Affymetrix, St. Clara, USA). Fragmented cRNA was hybridized for 16 h at 45°C to the GeneChip Bovine Genome (Affymetrix). Microarrays were scanned at 1.56 micron resolution using the GeneChip Scanner 3000 7G (Affymetrix). The RVM t-test was applied to filter the differentially expressed genes for the control and experiment groups, as the RVM t-test can increase the degrees of freedom effectively when experiments contained small amounts of sample. After the significance analysis and FDR analysis, differentially expressed genes were selected according to the p-value threshold. A P value < 0.05 was considered statistically significant. Pathway analysis using KEGG, Biocarta and Reatome was used to determine the significant pathways containing the differentially expressed genes identified. Fisher's exact test and the χ 2 test were used to determine significant pathways, and the threshold of significance was defined by the P value and FDR. Enrichment, Re, was calculated according to a previously described equation [48, 49] .
Western blotting
Total protein was extracted from frozen mammary gland tissue with RIPA Lysis Buffer (Cat. SN338, Sunshine Biotechnology Co., Ltd, Nanjing, China) and the protein concentration was determined by BCA assay (Pierce, Rockford, IL, USA). A total of 50 mg of protein extracted from each sample was subjected to electrophoresis by 12% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), and the separated protein was transferred onto a nitrocellulose membrane (Bio Trace, Pall Co., USA). Western blotting analysis for NF-кBp65 (Cat. AN365, Beyotime Biotechnology Co., Ltd, Shanghai, China, 1:500); NFкBpp65(Cat. AN371, Beyotime Biotechnology Co., Ltd, 
Statistical analysis
LPS concentrations in the rumen and in plasma from the lacteal artery and vein, milk protein and SCC were analyzed using a MIXED model with repeated measures using SAS software (SAS Institute, 2004). The expression of target gene mRNA and protein was analyzed using the paired t-test. The correlations of mRNA and protein were analyzed by Pearson's test. Differences were considered significant when P < 0.05.
